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Abstract— This paper presents the thermoresistive 
characteristics of hexanethiol encapsulated gold nanoparticles 
(NPs), inkjet printed onto Corning 0215 glass and sintered in 
air.  The use of organic encapsulated metal NP precursors 
enables the growing field inkjet printed microsystems to build 
low-cost sensors and actuators on non-traditional substrates. 
However, this technology requires post-deposition thermal steps 
to sublimate organics and induce NP sintering. The resulting 
microstructures can have unique characteristics, giving rise to 
new sensing capabilities. Gold NP microstructures were 
patterned using inkjet printing and sintered under varied 
conditions. Four-point resistance measurements were performed 
on a hotplate to characterize the thermoresistive response of the 
resulting microstructures between 25ºC and 150ºC. 
Temperature coefficients of resistance (TCR) of 2000 and 2300 
ppm/°C±10% have been measured for Au-NP films sintered at 
175 and 225ºC, respectively. 
I. INTRODUCTION 
Microfabrication using drop-on-demand inkjet printing is 
an emerging additive manufacturing technique for the 
realization of sensors and actuators through the selective 
deposition of material from a liquid precursor, or ink [1, 2]. 
Printed metal microfabrication offers promise of low 
temperature processing, enabling the use of low-cost 
polymeric substrates. Metal inks typically consist of metal 
nanoparticles (NPs) suspended in a carrier solvent, and often 
require the use of an organic encapsulant to achieve solubility. 
As a result, post-deposition thermal steps are required to drive 
off organics and sinter these NPs into coherent metal films. 
The resulting films can have microstructure which differs 
greatly from other metal deposition techniques, so 
characterizing their electromechanical properties is critical for 
device design. Exploiting the unique properties of sintered NP 
films will enable new sensors and actuators.  
Gold (Au) is an attractive metal for microfabrication due 
its lack of a metal oxide. One promising gold ink consists of 
hexanethiol-encapsulated gold nanoparticles suspended in α-
terpineol, which has seen development printed electronics 
applications [3]. Due to the large surface area to volume ratio, 
gold nanoparticles sinter at temperatures well below that the 
melting point of bulk gold and have been shown to sinter  
 
 
 
 
 
below 200ºC [4]. The post-deposition process for this ink is 
illustrated in Fig. 1. Recently, this material has been printed 
into basic three-dimensional structures [5], and patterned in 
microfluidic channels [6], further demonstrating its possibility 
of its use for microfabricated sensor applications.  
Resistive sensors using alkanethiol-encapsulated gold 
nanoparticles have been widely studied in the literature for 
unsintered Au-NP films.  The encapsulated nanoparticles have 
shown promise as chemical sensors for both liquid and 
gaseous species [7, 8]. Leung et al. also demonstrated that thin 
strands of unsintered gold nanoparticles are useful for 
temperature sensing [9]. A drawback of these devices is that 
the organic encapsulant breaks down over time, degrading 
sensor performance. While unsintered gold nanoparticles have 
shown utility for resistive sensing, no examples of sintered 
gold nanoparticle films were found in the literature, further 
motivating the need for a measurement of the thermoresistive 
response towards inkjet printed sintered gold sensors. 
This paper reports on the measurement of the 
thermoresistive response of patterned gold films formed from 
inkjet-deposited hexanethiol-encapsulated gold nanoparticles 
on Corning 0215 glass. The as-deposited Au-NPs are 
subsequently sintered under varied temperature conditions to 
yield a conductive gold film. Four-point resistance 
measurements of the resulting films are performed and the 
temperature coefficient of resistance (TCR) computed.  
II. FOUR-POINT BRIDGE RESISTANCE MEASUREMENTS 
Four-point, or Kelvin probe, resistance measurements are 
commonly employed to minimize measurement error due to 
the resistivity of the test setup. In this technique, a current 
 
Figure 1.  Gold Ink Deposition Process: A. Gold NPs in solvent (blue) 
deposited on heated substrate. B. Solvent evaporates leaving patterned NPs 
encapsulated with hexanethiol (black). C. The temperature is increased, 
sublimating the hexanethiol. D. Au-NPs sinter together into an Au film. 
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source is used to energize the sample while a voltage meter 
measures the voltage drop across a known geometry. As the 
voltage meter draws very little current, errors such as 
spreading and contact resistance are minimized [10].  In 
conventional subtractive microfabrication, a collinear probe is 
commonly used to measure the four-point sheet resistance on 
as-deposited films prior to lithographic patterning [11].   
However, this technique is unsuitable for inkjet printed 
applications where only minute areas of material are 
deposited.  
Bridge structures have also been developed for the 
measurement of sheet resistance [12]. This technique is 
suitable for printed applications, as a simple bridge can be 
formed through the deposition of a straight line. To interface 
with this printed bridge for measurement, a test structure is 
needed to allow measurement using a four-point bridge 
morphology. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A microfabricated “H” test structure has been developed 
which readily allows for four-point resistance measurements 
of bridges formed of inkjet deposited films.  Shown in Fig. 2, 
the test structure consists of two parallel sputtered gold traces 
terminated with a pad on each end. The ink under study is 
then printed across the parallel traces, bridging the 
connection.  A circuit model of the test structure is displayed 
in Fig. 3 for measuring the bridge resistance (Rb). On each leg 
of the test structure there is an associated resistance due to the 
sputtered trace (RAu), the metal pad (Rpad), and the connecting 
electrical probe (Rprobe). For each leg of the test structure, 
these three resistances can be lumped into a single resistor 
representing the total resistance of that measurement probe. A 
current source can then be applied across one side of the 
bridge to energize the circuit while a voltmeter measures the 
voltage drop across Rb in order to isolate and measure bridge 
resistance. Further, assuming the printed material is 
homogeneous; the dimensions of the printed bridge can be 
used to compute the sheet resistance (Rsb) as: 
WR Rsb b L
=   (Ω/□)                                (1) 
Where L ,W are the length and width of the bridge, 
respectively [12]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
III. FABRICATION 
The “H” test structures were fabricated on clean soda lime 
glass (Corning 0215) by sputtering a 250nm thick layer of 
gold through a laser-cut polyimide tape shadow mask to form 
two parallel 10mm long by 600μm wide traces terminated 
with 2.5mm square pads at each end. The gap between the 
two gold lines was nominally 1mm.  The thickness of the test 
structure gold was kept small to minimize step effects while 
printing. Each pad was coated with silver epoxy 
(Chemtronics CW-2400) and cured for 1 hour at 250°C to 
enhance their robustness for probing. 
 Hexanethiol-encapsulated gold nanoparticles were 
synthesized and suspended in α-terpineol (15% by weight) 
forming an ink which was loaded into a custom inkjet printer 
constructed utilizing a 30μm diameter piezoelectric nozzle 
(Microfab Technologies, Inc.). Information on the ink 
synthesis and deposition system are detailed elsewhere [13]. 
A 20Hz bipolar waveform using 2/5/2/5/2μs ±30V timing 
parameters and a rate of 4mm/s was used for deposition. Au 
bridges were then inkjet printed onto the test structures using 
two passes onto a 140°C platen.  The microstructures pre-
baked at 140°C for 10 minutes to drive off solvent. The 
hotplate was subsequently ramped to a final sintering 
temperature of either 175°C or 225°C and held for 24 hours. 
IV. RESULTS AND DISCUSSION 
A photograph of a fabricated test specimen is shown in 
Fig. 4 with printed gold bridge running in the center 
vertically. Stylus profilometry (KLA Tencor P-2) of the 
sintered bridges were performed to reveal a nominal 
thickness of 750nm. Scanning electron micrographs of the 
samples detailing the resulting film microstructure are shown 
in Fig. 5 and measured a resulting gold bridge width of 80µm 
and length of 900µm. The SEM images also reveal a highly 
complex and porous microstructure for the length of the 
bridge. 
Four-point resistive measurements were performed on a 
hotplate allowing for temperature control to characterize the 
thermoresistive response. A robust probing method was 
required to ensure good electrical contact while 
accommodating thermal expansion and uneven pad thickness.  
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Figure 2. Test structure consisting of two parallel sputtered gold traces 
separated by a gap of insulating substrate. The printed gold sample is the thin 
wire bridging the sputtered gold traces in the center of the image. Four-point 
resistance measurement connections are shown. 
Figure 3. Circuit model of bridge test structure for isolating Rb using the 
four-point resistance measurement technique. 
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This was accomplished by fabricating a compliant four-
point using four spring-loaded “pogo” pins, commonly used 
for microelectronics testing. The pogo pins used have a 
1.4mm diameter rounded tip and 6.3mm of linear travel, 
allowing for a reliable electrical connection to underlying 
pads during testing.  The probe is mounted onto a boom arm 
to enable rapid positioning over a hotplate. Fig. 6 details the 
complete test setup with detailed views the spring-loaded 
probe illustrated in the two inset images. 
For each measurement a sample was first loaded onto the 
hotplate (Thermo Scientific Cimarec HP131225) and the 
spring-loaded probe was lowered onto the sample, making 
secure contact with the pads on the “H” test structure. Data 
acquisition (LabviewTM, National Instruments) was 
performed at 1Hz to record four-point resistance 
measurements of the samples using a Keithley 2000 
multimeter.  After 10 minutes under ambient conditions the 
hot plate was ramped sequentially to 50°C, 100°C, and 150°C 
and held for 10 minutes at each temperature.  After 10 
minutes the hot plate was turned off and allowed to cool to 
ambient conditions. The maximum temperature tested was 
kept below the minimum sintering temperature. 
Resistance versus time measurements of the gold bridges 
are plotted in Fig. 7 as the hot plate was ramped and held at 
the three measurement temperatures. Both samples show a 
rapid response in temperature whose rate is limited by the 
ramp rate of the hotplate used for temperature control.  The 
resistance of each sample is stable at each measurement 
isotherm, and the resistance change appears linear between 
temperature steps. Stability of the thermoresistive response w 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
was next measured by repeatedly cycling the sample between 
ambient temperature (25°C) and 150°C look for degradation.  
After several cycles, no discernible drift in resistance was 
measured. Fig. 8 plots the average resistance of the samples 
for each given temperature over a 5 minute period to measure 
the linearity of the temperature response. Standard deviations 
of the measurements are plotted, indicating stable film 
resistance at each temperature. Both samples exhibit a linear 
thermoresistive response over the temperature range tested. 
The average temperature coefficient of resistance (α ) of 
a material, a measure of the normalized resistance change 
over a given temperature change, can be computed for the 
sintered gold films using these measurements.  Given an 
initial resistance 0R  (Ω), and a change in resistance R∆  (Ω), 
for a change in temperature T∆  (°C or K), the TCR is 
computed as: 
  
0
1 R
R T
α
∆
=
∆
(ppm/°C)                            (2) 
Using this relation, the TCR of the sintered gold bridges are 
computed and shown in Table I. For comparison, the TCR of 
bulk gold is listed from the literature [14]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1mm 
Figure 5. Scanning electron micrographs of 750nm thick printed gold bridge 
from Figure 4 after sintering at 175°C. Inset shows magnified view of 
resulting gold film microstructure. 
Figure 4. Photograph of realized test structure with 80μm wide inkjet 
printed gold bridge running vertically between the two parallel traces spaced 
900μm apart. 
 
Figure 7. Measured four-point bridge resistance of two different Au films 
ramped to three temperatures and held for 10 minutes at each. Hotplate 
settings are shown in red and are rate limited by hotplate capabilities.  
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PC 
Figure 6. Custom four-point resistance measurement setup using a digital 
hotplate for temperature control. Insets show spring-loaded pogo-pin jig 
extended (left side) and during operation (right side). 
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TABLE I.  COMPUTED TEMPERATURE COEFFICIENTS OF RESISTANCE 
Sample TCR (ppm/°C) 
Au-NP, 175°C, 24 hour sinter 2000±10% 
Au-NP, 225°C, 24 hour sinter 2300±10% 
Bulk Gold [14] 3400 
 
While, the printed gold bridges exhibit a TCR less than 
that of bulk gold, these measurements compare favorably to 
those of sputtered low resistance gold film resistors, which 
have been reported with a TCR of 2500 ppm/°C ±10% [15]. 
Discontinuous gold thin films have also been reported with a 
TCR of 1400 ppm/°C [16]. These measurements can be 
further improved through the deposition of higher resistance 
sintered gold bridges. 
The SEM images reveal highly porous microstructure in 
the resulting gold films, possibly due to poor adhesion of the 
gold nanoparticles to the glass substrate during sintering. The 
average sheet resistance for the bridges can be estimated from 
(1), if the assumption is made that the microstructure is 
homogeneous along the bridge, and is calculated to be 
830mΩ/□±5% for the 175°C sample, and 910mΩ/□±5% for 
the 225°C sample.  Further refinement of the substrate 
materials and process conditions are needed to yield densified 
homogenous gold films for printed microfabricated sensor 
applications.  
V. CONCLUSIONS 
The first measurements of the thermoresistive response of 
sintered gold films formed from inkjet deposited hexanethiol-
encapsulated gold nanoparticles glass have been presented. A 
four-point bridge test structure was developed and detailed to 
provide simple resistance measurements of inkjet deposited 
materials between two parallel traces. Using this technique, 
resistance measurements were performed at temperatures 
between 25°C and 150°C, and the temperature coefficient of 
resistance computed. Repeatable and linear resistance 
changes were observed for all measured samples, with 
calculated TCRs of 2000 and 2300 ppm/°C ±10% for Au-NP 
films sintered at 175 ºC and 225ºC, respectively. 
While the TCR of the sintered Au-NP films is less than 
that of bulk gold, it compares favorably to sputtered low 
resistance resistors. Unlike conventional metal deposition 
techniques which use harsh chemicals, high temperatures, or 
require the use of vacuum, the films presented herein were 
deposited in atmospheric conditions with a maximum 
temperature of 225°C. These printed gold resistors are able to 
be deposited selectively onto materials and for applications 
not compatible with conventional techniques, such as low-
cost polymers, making sintered inkjet printed gold films 
promising for new sensing applications. 
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